We investigated the basis for quantitative differences in leaf expression of the petunia genes (rbcS) encoding the small subunit of ribulose bisphosphate carboxylase. The most abundantly, SSU301, and the most weakly, SSU911, expressed petunia rbcS genes maintained their differential expression when transferred to tobacco, indicating that the determinants of quantitative expression are intrinsic to these rbcS genes. Analysis of chimeric genes in which the sequences of SSU301 and SSU911 had been exchanged at the translation start showed that sequences both 5' and 3' to the start codon contribute to differences in steady-state mRNA levels. The sequences 3' to the translation initiation codon were investigated by preparing chimeric genes in which sequences of the SSU301 and SSU911 were exchanged between each intron and at the translation termination codon. The results showed that sequences downstream of the coding region contribute to quantitative differences in expression of SSU301 and SSU911, and nuclear run-on transcription experiments indicated that the 3' sequences affect transcription rates of the rbcS genes.
INTRODUCTION
Ribulose bisphosphate carboxylase (RuBPCase) is the primary enzyme of carbon fixation in the chloroplast. The holoenzyme is composed of eight large and eight small subunits. The large subunit is encoded by chloroplast DNA and is synthesized in the chloroplast (Coen et al., 1977) . The small subunit is encoded by a small gene family in nuclear DNA (Kawashima and Wildman, 1972; Dunsmuir et al., 1983) , synthesized as a higher molecular weight precursor in the cytoplasm, and then imported into chloroplasts (Chua and Schmidt, 1978; Highfield and Ellis, 1978) .
We are studying Petunia rbcS genes. The eight petunia rbcS genes are divided into three subfamilies that encode slightly different versions of the rbcS polypeptide (Dean et al., 1987a) . One of the subfamilies contains six genes, five of which are closely linked; the other two subfamilies contain single genes (Dean et al., 1985a) . Although all the rbcS genes show a high degree of nucleotide sequence similarity both within the coding and the 5'-and 3'-flanking regions (Dean et al., 1985a; Dean et al., 1987a) , there is a 100-fold range in expression levels between the genes in leaf tissue (Dean et al., 1985b; Dean et al., 1987b) . The most abundantly expressed gene, SSU301, contributes about 50% of the rbcS mRNA in leaf tissue. The other rbcS genes are expressed at levels that are 2-to 100-fold lower than SSU301.
Many studies have characterized sequences regulating temporal and spatial expression of multi-gene families Current address: John Innes Institute, Colney Lane, Norwich NR4 7UH, United Kingdom. 2 To whom correspondence should be addressed. (Firtel, 1981; Fyrberg et al., 1983; Hee Kim et al., 1983; Hightower and Meagher, 1985; Sugita and Gruissem, 1987) . By contrast, we have characterized sequences responsible for quantitative differences in expression of members of the petunia rbcS multi-gene family in leaf tissue.
The basis of the differential expression between the most abundantly expressed petunia rbcS gene, SSU301, and the least abundantly expressed, SSU911, was investigated by analysis of transgenic tobacco plants containing intact or chimeric genes constructed from the two petunia rbcS genes. Sequences both 5' and 3' to the translation start codon were found differentially to affect transcription of these genes. Here we have dissected the regions 3' to the start codon, and in the following paper (Dean et al., 1989) we have characterized the regions 5' to the start codon.
RESULTS

Differential Expression of SSU301 and SSU911 Is
Intrinsic to the Genes
The most abundantly expressed petunia rbcS gene, SSU301, is not closely linked (_>10 kb) to other rbcS genes (Dean et al., 1985a) or any gene that is moderately expressed in leaf tissue (C. Dean, unpublished results) . By contrast, the weakly expressed rbcS gene, SSU911, lies downstream in a tandem array of five rbcS genes (Dean et al., 1985a) . To test whether position in the petunia genome affected the expression of SSU301 and SSU911, we transferred genomic regions carrying the genes SSU301 and SSL/971 with 5'-and 3'-flanking DMA (1.2 kb and 2.5 kb 5', respectively, and 1.5 kb and 2.4 kb 3', respectively) into tobacco using /4grobacfem/m-mediated transformation. Multiple independently transformed tobacco plants were regenerated and the expression levels of the SSL/307 and SSL/977 genes were assayed at the stage of leaf development with maximal rbcS mRNA levels (Dean et al., 1988a) . Although there was considerable variability between transformants in the expression of the introduced gene, several of the transformed tobacco plants carrying the SSU301 gene had levels of SSL/307 mRNA equivalent to those in petunia leaf tissue, as seen in Figure  1 . Similarly, the tobacco plants carrying the SSL/97 7 gene had levels of SSL/97 7 mRNA that are comparable with the levels measured in petunia (75-to 100-fold lower than SSL/307 mRNA: Dean et al., 1985b) . These data indicate that the differential expression of the petunia rbcS genes is an intrinsic property of the transferred SSL/307 or SSL/977 genomic fragments and not a function of their position in the petunia genome. Primer extension analysis of total RNA isolated from transgenic tobacco plants containing the petunia rbcS genes SSL/307 and SSL/977. Total RNA from untransformed tobacco and petunia were included as controls.
We introduced Ncol restriction sites at the translation start codons of SSL/307 and SSL/977; the mutations were shown to have no effect on the steady-state mRNA levels specified by either gene in gene transfer experiments (data not shown). Sequences of SSL/307 and SSL/97 7 were then exchanged at these restriction sites, producing chimeric genes with the SSL/307 and SSL/97 7 sequences combined at the start of the coding region. These genes were introduced into tobacco and their expression was assayed in multiple independently transformed plants. Figure 2 shows that, although there was considerable variability between transformants in the expression levels of the fusions, the average level of expression of the fusion carrying the 5' region of SSL/977 and the 3' region of SSL/307 (the 911/301 fusion) was approximately 15-fold higher than that for the intact SSL/977 gene, Thus, sequences downstream of the translation initiation codon of SSL/307 have a major effect on the steady state mRNA level. The average level of expression of the reciprocal 301/911 fusion was approximately 8-fold lower than that for the intact SSU301 gene, but was still higher than that for the intact SSL/97 7 gene, showing that sequences 5' to the translation initiation codon of SSL/307 also contribute to the high mRNA levels of SSL/307.
To ensure that this result was not an artifact of variable expression between transformed plants, we repeated the experiment and assayed an additional 15 independently transformed plants for each introduced gene or gene fusion. The second analysis confirmed our original findings; the 301/911 fusion gave 5-fold lower levels of mRNA than the intact SSL/307 gene, and the 911/301 fusion gave 30-fold higher levels of mRNA than the intact SSL/977 gene. Our analysis of sequences 5' to the translation start codon, which influence the quantitative levels of expression of SSL/307 and SSL/977, is described in the accompanying paper (Dean et al.,1989) .
Removal of Intron Sequences from SSL/301 Reduces the Steady-State mRNA Levels
The SSL/307 gene is unique among the eight petunia rbcS genes in that it contains a third intron within the coding region 51 bp downstream of the second intron (Dean et al., 1987a) . To test whether SSL/307 intron sequences contributed to the expression of this gene, we substituted the coding region and intron sequences from the genomic clone with the coding region from the cDNA clone. The construct was introduced into tobacco and the steadystate mRNA levels were assayed in independently transformed plants. Results are shown in Figure 3 . Removal of the intron sequences from the SSL/307 gene reduced the steady-state mRNA level by approximately 5-fold, and this result was confirmed in three independent transformation experiments. Primer extension analysis of total RNA isolated from transgenic tobacco plants containing fusions of SSU301 and SSU911 where their sequences have been exchanged at the translation initiation codon. SSU301 sequences are represented in black and SSU911 sequences are represented in white. Total RNA from representative tobacco plants containing the intact SSU301 and SSL/977 genes and untransformed tobacco were included as controls.
introduced fusion varied between plants, which makes accurate quantitation of the relative expression level of these gene fusions difficult. To obtain an approximate value for the relative expression of the different fusions, we pooled equal amounts of RNA from the 30 tobacco plants containing the same fusion (15 plants from each transformation experiment) and repeated the primer extension analysis. In this way, the 30 tobacco plants containing the same fusion were considered to be one population.
The primer extension analysis on pooled RNA samples from the 11 different fusions is shown in Figure 6 , together with a 2-fold dilution series that aided in the estimation of relative expression values given as a percentage of the expression level of the SSU301 gene in tobacco. Relative expression values, estimated from the individual plants showing expression of the introduced fusion, were used to calculate standard error values.
Expression of the intact SSL/977 gene in tobacco was approximately 75-fold lower than expression of SSL/307. When the sequences of SSL/977 3' to the translation start were replaced with those from SSL/307 (fusion 8), the resulting steady-state mRNA levels increased approximately 15-fold (as discussed earlier). A similar increase was observed when smaller fragments of SSL/307 were used to replace corresponding regions of SSL/97 7 (fusions 9, 10, and 11). It appears that SSL/307 sequences down-
PLUS INTRONS
Sequences Downstream of the Stop Codon Impact Steady-State mRNA Levels
To define which sequences 3' to the translation start are important for SSL/307 expression, we constructed a series of fusions that exchanged the sequences of SSL/307 and SSL/977 between each intron and also at their translation termination codons, as shown in Figure 4 . One exchange point was located 4 bp from the 5' end of the second intron. A second exchange point was located 9 bp into the third exon, and the third exchange point was at an introduced site immediately downstream of the translation termination codon in both genes. (Subsequently, we showed that these introduced mutations do not affect the steadystate mRNA levels of either gene.) The different fusions were introduced into tobacco plants in two independent transformation experiments, and the expression of each fusion was assayed in 15 plants in each experiment. The primer extension analysis from the first transformation experiment is shown in Figure 5 Primer extension analysis of total RNA isolated from transgenic tobacco plants containing the petunia SSL/307 gene with and without introns. Total RNA from untransformed tobacco was included as a control. Schematic diagram illustrating the fusions of SSU301 and SSU911, where the sequences of the two genes were exchanged at the beginning of the second intron (fusions 3 and 9), between the sec--" and third introns (fusions 4 and 10), and at the translat: ,'mination codon (fusions 5 and 11). Intron sequences are shown as triangles and the arrow indicates the direction of transcription. N = Ncol, A = Accl, B = Bglll. stream of the stop codon have an effect on expression parallel to that observed from sequences 3' to the start codon (cf. fusion 8 and 11). The results from the reciprocal fusions 2, 3, 4, and 5 support this conclusion. When the sequences of SSL/307 3' to the start codon were replaced with those from SSU911 (fusion 2), the resulting steadystate mRNA levels decreased 7-fold. Addition of progressively more SSU301 sequences (until only the 3'-flanking sequences were missing) did not result in restoration of expression levels equivalent to the intact SSU301 gene.
The reduction in mRNA levels after removal of intron sequences (fusion 6) appears to be due to the absence of introns rather than to loss of specific SSU301 intron sequences, as the expression of fusion 8 (containing the three SSU301 introns) is approximately the same as fusion 11, which contains the two SSU911 introns. Alternately, sequences within the SSU301 introns may interact with those in the SSL/307 5'-untranslated region and influence transcript stability in the nucleus.
The simplest interpretation of the results from the exchange fusions is that the sequences that have a major impact on steady-state mRNA levels and that lie 3' to the start of the rbcS coding region are actually located 3' to the coding region. We cannot rule out that sequence interactions between different regions of the rbcS genes affect transcript stability.
Sequences 3' to the Translation Start Affect Transcription
We used nuclear run-on transcription experiments to test whether sequences 3' to the translation start influence transcription rates of the different genes. Populations of transgenic tobacco plants containing the different petunia rbcS genes and gene fusions were used for nuclear runon transcription experiments to overcome the problem of variability between transformants. Equal amounts of leaf tissue were harvested from 15 tobacco plants containing the same construct, and nuclei were isolated. The nuclei were allowed to extend previously initiated transcripts for 10 min in the presence of 32 P-UTP; total RNA was then isolated and used as a probe for slot blots containing single-stranded DNA. The hybridization and washing conditions used in the experiment allowed hybridization of transcripts from both the endogenous tobacco rbcS genes and the introduced petunia rbcS transcripts. Hence, the cDNA clone of SSL/307 (slot 2, antisense strand and slot 3, sense strand) was included as an internal control for tobacco rbcS gene expression in the different populations. Clones containing the 3' regions of SSL/307 and SSL/977 11 show the primer extension analyses of the pooled RNA samples from plants containing fusions 1 to 11. These fusions are illustrated schematically at the base of the figure. SSU301 sequences are shown in black, SSL/977 sequences are shown in white, and intron sequences are shown as triangles. A twofold dilution series was included to aid quantification of the relative expression levels. The expression levels of fusions 2 to 11 were estimated relative to the expression of SSU301 and are shown as percentages, alongside the schematic illustrations. Standard error values are also shown on the figure. These were calculated from expression levels of individual plants that showed expression of the introduced fusion (>20).
were used as specific probes for the introduced petunia rbcS fusions. An autoradiograph of a slot blot probed with run-on transcripts from different tobacco populations is shown in Figure 7A . Hybridization to DMA in slot 2 (the internal control slot) was similar for each sample. Nuclear transcripts from the nontransformed W38 tobacco plants did not hybridize to slots containing DMA from the 3' regions of SSU301 or SSU911, demonstrating that the petunia gene-specific probes (in slots 4 to 7) did not cross-hybridize to the endogenous tobacco rbcS transcripts. Nuclear transcripts from the tobacco plants containing fusion 1 (the intact SSU301 gene) hybridized strongly to DNA in slot 4 (the slot containing the antisense DNA of the 3' region of SSL/307); however, transcripts from the tobacco plants containing fusion 7 (the intact SSU911 gene) showed no detectable specific hybridization to DNA in slot 6 (the slot containing the antisense strand of the SSU911 probe). Transcripts from the 911/301 fusion 9, containing 3' sequences from SSL/307, hybridized strongly to DNA in slot 4, indicating that the relative transcription rate of fusion 9 was considerably higher than that of fusion 7, and, thus, that the SSL/307 sequences contained in fusion 9 influence the transcription rate of the fusion.
We repeated the run-on transcription experiments using populations of tobacco plants carrying fusions 1,2,6, 7, 8, and 11. Hybridization to DNA in slot 2 (the internal control slot) was similar for each of the RNA samples. The hybridization signal with slots containing the gene-specific probes was quantitated by densitometric scanning, and the data are shown in Figure 7B . The relative transcription rates of fusions 1, 2, and 6, which all contain the SSL/307 promoter region, are similar. The relative transcription rate of fusion 7 (the intact SSL/97 7 gene) is considerably lower. When sequences of SSL/307 either 3' to the start codon (fusion 8) or 3' to the stop codon (fusion 11) were contained in the chimeric gene, the relative transcription rate increased. These data suggest that sequences of SSL/307 lying downstream of the coding region and affecting mRNA levels exert their effect at the transcriptional level.
It is not clear from these results whether the relative transcription rate of fusion 6, the SSL/307 gene lacking introns, is reduced significantly compared with that of fusion 1, the intact SSL/307 gene. As the observed differences in steady-state mRNA levels are relatively small (5-fold), more run-on experiments are necessary to determine whether the reduction in steady-state mRNA levels is due to transcriptional or posttranscriptional effects.
DISCUSSION
To understand the basis of the quantitative differences in expression of petunia rbcS genes in leaf tissue, we conducted experiments with the most abundantly expressed (SSL/307) and the least abundantly expressed (SSL/977) rbcS genes. Both genes maintained their relative expression levels after transfer to tobacco, showing that the expression of SSL/977 in petunia is not affected by its location at the end of the tandem array of four other expressed rbcS genes.
Experiments in which different regions of SSL/307 and SSU911 were exchanged and the expression of the fusions assayed in transgenic tobacco plants showed that sequences 3' to the translation initiation codon contribute more to the quantitative differences in expression of SSL/307 and SSL/977 than sequences 5' to the coding region.
Reciprocal fusions between SSL/307 and SSL/977, where the exchange points were located between intron sequences and at the end of the coding region, showed that sequences 3' to the coding region significantly influenced steady-state mRNA levels. These sequences appear to increase the transcription rate of the fusion. (A) Slot blot analysis of nuclear run-on products from nontransformed tobacco plants, tobacco plants containing fusion 1 (intact SSL/307 gene), fusion 7 (intact SSU911 gene), or fusion 9 (the SSU911/SSU301 exchange fusion, where the sequences were exchanged at the beginning of the second intron). Ten micrograms of single-stranded DMA was applied to each slot: 1, pUC118; 2, cDNA clone of SSU301, antisense orientation; 3, cDNA clone of SSL/307, sense orientation; 4, SSL/307 gene-specific probe, antisense orientation; 5, SSL/307 gene-specific probe, sense orientation; 6, SSL/977 gene-specific probe, antisense orientation; 7, SSL/977 gene-specific probe, sense orientation.
(B)
Histogram showing results from a nuclear run-on transcription experiment. The run-on products were analyzed using a slot blot analysis and quantitated by scanning the autoradiograph of the slot blot. The fusions contained in the different tobacco populations are indicated underneath the histogram.
Removal of intron sequences from SSL/307 also decreased the steady-state mRNA levels 5-fold. Callis et al. (1987) have recently shown that the addition of heterologous intron sequences to gene fusions increased their expression after electroporation in cultured maize protoplasts. They suggested that the presence of introns affect posttranscriptional processes in the maize cells. In a similar way, the intron sequences may be increasing the level of expression of SSU301. As the cytoplasmic mRNA structure from the SSL/307 gene with and without introns is identical, stability of the cytoplasmic mRNA cannot be a cause of the lower mRNA levels. Differential stability of the nuclear transcripts with and without introns may cause the differences in mRNA levels (Leys et al., 1984) . Introns have been shown to increase the transcriptional efficiency of four sets of gene fusions in transgenic mice (Brinster et al., 1988) ; however, removal of intron sequences from a pea rbcS gene did not appear to reduce the expression level of the fusion (Kuhlemeier et al., 1988) .
The most novel result emerging from this study is that sequences 3' to translation start, which may all be located 3' to the rbcS coding region, have a significant impact on the relative transcription rate of the rbcS genes. This is the first example of plant sequences that are located 3' to the coding region having an effect on transcription rate. Sequences 3' to the coding region have been shown to affect the qualitative expression of a proteinase inhibitor II gene in potato (Sanchez-Serrano et al., 1987; Thornberg et al., 1987) , but whether they exert their effect at the transcriptional level is not yet known.
We are investigating whether the observed effects are due to sequences 3' to the SSL/307 coding region having a positive effect on transcription rate or the sequences 3' to the SSL/977 coding region having a negative effect. There are now many examples of sequences downstream of animal genes that act as "enhancer" elements (Choi and Engel, 1986; Fischer and Maniatis, 1986; Bodine and Ley, 1987; Owen and Kuhn, 1987; Trainor et al., 1987) . These can be quite short regions of DNA and have been shown to exert their positive effect on transcription irrespective of their orientation or position in the gene. They often exert their effects in a tissue-specific or developmentally regulated fashion. Currently, we are defining in more detail which rbcS sequences are important for the effects on transcription and whether their effects are light-dependent or tissue-specific.
METHODS
Details of Cloning Procedures
Cloning the SSU301 and SSU911 Genes into an Agrobacterium Vector
Genomic clones carrying the genes SSL/307 and SSL/97 7 with 5'-and 3'-flanking DNA (1.2 kb and 2.5 kb 5', respectively, and 1.5 kb and 2.4 kb 3', respectively) in pUC plasmids (Vieira and Messing, 1982) were linearized at a unique BamHI site located 1.5 kb 3' to the SSU301 gene and 1.8 kb 3' to the SSU911 gene. These were then cloned into the BamHI site of the Agrobacterium binary vector pAGS135 (Dean et al., 1988a) .
Construction of Fusions Where the SSU301 and SSU911 Sequences Were Exchanged at the Translation Initiation Codon
Ncol sites were introduced into both genes at the translation initiation codon by site-directed mutagenesis (Kunkel, 1985) . This required a 1-bp change in both genes ACATGG to CCATGG. The 301/911 and 911/301 ATG exchange fusions were cloned into the Agrobacterium binary vector pAGS140 (Dean et al., 1988b) .
Construction of an SSU301 Gene Lacking Introns
We substituted the coding region and intron sequences from the genomic clone with the coding region from the cDNA clone, utilizing restriction sites found in both a cDNA clone and the genomic clone pSSU301 (a Pstl site 20 bp 3' to the ATG codon and a Sacl site located 108 bp 5' to the TAA codon). The SSU301 gene without introns was linearized with BamHI and cloned into the BamHI site of pAGS135 (Dean et al., 1988a) . The same orientation of the genes within the binary vectors was chosen for all the constructions.
Construction of Fusions Where the SSU301 and SSU911 Sequences Were Exchanged Within and Downstream of the Coding Region
The sequences of SSU301 and SSU911 were exchanged at three positions downstream of the translation start. The first was a Bglll site located in both genes at the beginning of the second intron (4 bp from the exon/intron junction). As there were two other Bglll restriction sites in both genes, the clonings required the use of partial restriction enzyme digestions. The second exchange point was an Accl site in exon sequences (9 bp from the intron/exon junction in the third exon of both genes). The genomic clone carrying SSU301 contained one other Accl site and the genomic clone carrying SSU911 contained six other Accl sites, so partial restriction enzyme digests were required in the cloning steps. The third exchange point was a Bglll site introduced by site-directed mutagenesis adjacent to the TAA translation termination codon. SSU301 sequence was mutated from TAAGTTAT to TAAGATCT. A Bglll site was introduced into the SSU911 gene by insertion of 3 bp to TAAATT to TAAAGATCT. Partial Bglll restriction digests were used in the cloning reactions. The plasmids were then linearized with BamHI and cloned into pAGS140.
Generation and Analysis of Transgenic Plants
All binary vector plasmids were mobilized into Agrobacterium tumefaciens LBA4404/pAL4404 (Hoekema et al., 1983) by triparental mating (Figurski and Helinski, 1979) . The Agrobacterium strains were co-cultivated with tobacco protoplasts (van den Elzen et al., 1985) or tobacco leaf discs (Horsch et al., 1985) . Kanamycin-resistant shoots were rooted and the plants were transferred to soil and into the greenhouse. Total RNA was isolated (Dean et al., 1985b ) from 10-cm leaves of plants 25 days after transfer to the greenhouse and analyzed by primer extension analysis with oligonucleotides 301T and 911T (Dean et al., 1987b) . These oligonucleotides anneal to a region in the rbcS transit sequence that is divergent between SSU301 and SSU911. The major fragments resulting from extension of 301T and 911T are 161 bp and 126 bp, respectively.
The relative expression values for the different fusions were estimated by comparing the signal on the autoradiograph to the signals from the twofold dilution series made from RNA isolated from plants containing fusion 1.
Nuclear Run-On Transcription Experiments
Nuclei were isolated from tobacco leaves by a combination of the protocols described by Luthe and Quatrano (1980) , Walling et al. (1986) , and D. Burgess (personal communication). Details of the procedure are available upon request.
Slot blots carrying 10 #g of single-stranded DNA were hybridized to equal amounts of the labeled RNA in 50% formamide, 10% dextran sulfate, Denhardt's solution, 0.1% SDS, 50 mM phosphate buffer, pH 6.8, and 0.5 M NaCI. Prehybridizations were carried out for 12 hr and hybridizations for 48 hr at 42°C. The filters were washed in 2 x SSC, 0.1% SDS at 42°C and then in 0.1 x SSC, 0.1% SDS at 50°C. The last wash contained 1 #g/ml RNase A. Only the hybridization signal present in the slot containing the antisense DNA, not present in the slot containing the sense DNA, was measured to estimate relative transcription rates.
A 3' 1.5-kb Bglll (at the translation stop codon)-BamHI fragment from SSU301 was cloned and used as the SSU301 gene-specific probe. A similarly positioned 1.8-kb BgllI-BamHI fragment was cloned and used as the gene-specific probe for SSU911. Fourhundred-base pair probes extending 3' from the translation stop codon were also cloned from each gene. These showed the same relative hybridization signals as the longer probes.
